Experimental set up and procedures -ultra-high vacuum experiments
For convenience, the experiments were conducted in two different ultra-high vacuum (UHV) chambers. Both systems are equipped with mass spectrometers for thermal desorption spectroscopy (TDS) as well as the common surface science tools. 10 TDS, a temperature ramping method, is used to characterize the adsorption/desorption kinetics and thermal stability of the samples. One UHV system has CMA (cylindrical mirror analyzer) based Auger electron spectroscopy (AES), the other one houses a retarding field AES and LEED (low energy electron diffraction) setup.
TDS The nanoscience community is diverse; many different measuring techniques are common, which sometimes causes confusion. However, the UHV experimental techniques used in our study are described in common textbooks of surface science. In addition, details about the measuring techniques we use and our set-up also can be found in the supplemental to ref. 11 (molecular beam scattering details) and ref. 12 (thermal desorption spectroscopy). (We would like to avoid to rewrite these supplementals here.)
The lowest adsorption temperature accessible amounts to ∼90 K, the greatest temperature used was 850 K. The heating rate amounts to  = 1.6 K/s.
Experimental set up -ambient pressure experiments
UV-vis and surface thickness experiments were conducted at ambient pressure. In addition, XRD (X-ray diffraction), EDX (energy-dispersive X-ray spectroscopy), and SEM (Scanning Electron Microscope) data were collected to characterize the samples prior to the UHV kinetic experiments.
SEM/EDX. For SEM, a JEOL's JSM-6010LA with an integrated energy dispersive spectroscopy (EDS or EDX) unit was used for sample imaging.
UV-vis.
Different UV-vis spectrometers were used throughout the project (Carry 5000, Carry 50Bio from Varian, see data below). The spectra shown below were collected with a Varian carry 5000. It also enables the analysis in both transmittance and diffuse reflectance modes.
Surface profiler.
A surface profiler (P11 from Tencor) was used to estimate the thickness of selected perovskite film samples.
Spin coater.
A commercial spin coater (P6700 from Specialty coating system Inc.) as well as a home built one was used, both under N 2 flow, to spin coat the perovskite film.
XRD. X-ray diffraction scans were recorded on a Bruker D8 Discover system utilizing a Copper X-ray source followed by a Primary Gobel Mirror and on through a 0.5mm collimator.
The Detector is a Vantec 500 Area Detector that captures 27 degrees of the 2theta range. The scans were collected utilizing 4 frames at 120 seconds capture time for each frame. Initial scans were started at Omega (Theta) 7.5 degrees and 2theta at 15 degrees. Scans were taken at 15, 30, 45, and 60 degrees 2theta cover a range from 1.5 degrees to 73.5 degrees. Phi was 90 degrees and Chi was 90 degrees. Scan axis were coupled in the Step mode. Frame width was 15 degrees. The sample was scanned in the X axis in a 1mm amplitude during the scans. Data was integrated utilizing Discover EVA software from Bruker and then translated to Raw data through Jade Data Analysis Software.
Sample synthesis set-up (NDSU surface science group/NDSU research Park) 
Perovskite synthesis summary
We used an ambient pressure wet chemistry procedure commonly described in the literature. 13, 14 Briefly, the as received substrates were initially cleaned with water, acetone, and ethanol. 60 µL of CH 3 NH 3 PbI 3 precursor solution, maintained at 350 K (70 ºC), was spin coated at 4000 rpm (or 3300 rpm) for 30 seconds. The spin coated samples were annealed on a hot plate at 380 K (100 ºC) for 10 minutes.
This synthesis was carried out in a flow of dry N 2 . The as prepared samples were immediately placed into a N 2 filled container. Samples transferred to UHV were degassed in UHV at temperatures up to 380 K. Higher degassing temperatures destroy the samples; ion sputtering for cleaning cannot be used on these thin film samples. Thus, sample cleaning is limited, but the UHV environment prevents accidental adsorption of contaminations. Data collected from numerous different samples are shown since these samples decompose or change irreversibly during the course of our experiments.
Perovskite synthesis step by step
We copied a procedure described before in the literature: 13 1. The glass slabs were cut into 10x10x0.3 mm pieces to fit into the sample holder 2. The glass slabs were then washed with distilled water, acetone, and ethanol to remove contaminants 3. The washed glass slabs were used to synthesize perovskite films as described below: 4. A 60 μl precursor solution was transferred onto the FTO glass slab kept on the spin coater.
The sample was then spin coated at 4000 rpm for 30 seconds under nitrogen atmosphere ( 5. The samples were usually characterized by UV-Visible spectroscopy before mounted in the UHV chamber for further analysis.
Details of the theoretical procedures
The adsorption of different gas molecules including CO 2 and H 2 O were investigated theoretically. Binding energies (BE also denoted as E d ) were calculated by BE = E slab + E adsorbate -E (slab+adsorbate) ( 1) where , , and represented the energy of the optimized structure of + a pristine slab, isolated adsorbate molecule, and hybrid system with gas molecule adsorbed on the slab, respectively, all of which were reported from single point energy calculations based on optimized structures, with size of the simulation cell and basis set kept the same for all three calculations.
Density functional theory (DFT) calculations were performed on the basis of plane waves within the Vienna Ab initio Simulation Package (VASP). [15] [16] [17] [18] We adopted the projected augmented wave (PAW) 19 potentials and the generalized gradient approximation (GGA) 20, 21 with Perdew-Burke-Ernzerhof (PBE) 21 exchange-correlation functional. The long-range internuclear interactions were considered through the application of a semiempirical pairwise corrections i.e. DFT+D2. A plane wave energy cutoff was set as 500 eV. Throughout theoretical calculations, (4 × 4 × 4) and (4 × 4 × 1) Monkhorst−Pack k-point grids were used for the bulk crystal and slab models, respectively. To save numerical resources, we adopted spin restricted approaches for geometry optimization calculations. The spin-orbit coupling (SOC) effect has been found to play a significant role in electronic properties of CH 3 NH 3 PbI 3 perovskites. 22 To accurately describe electronic structures of atomic models, we then carried out single point energy calculation for optimized configurations with noncollinear spin approaches by taking into account SOC effects. [23] [24] [25] The theoretical calculations focused on the orthorhombic phase of CH 3 NH 3 PbI 3 perovskite, which were less challenging than the tetragonal or cubic phase due to the presence of ordered CH 3 NH 3 + cations. 26 The initial lattice vectors and positions of ions for the bulk phase of orthorhombic CH 3 NH 3 PbI 3 were obtained from the XRD crystallographic data 27 and served as starting points for theoretical calculations. The atomic model of (001) Tab. S1: Results of film thickness measurement of one sample synthesized with the setup in Fig. S1 .
Using a surface profiler the film thickness was determined (Tab. S1) for one of the samples and did amount to (648±75) nm, literature values (330 nm, ref. 30 ; 300 nm, ref. 28 ) are within the same order of magnitude. Differences in details of the spin coating process and the amount of solution used can cause variations in film thickness. Surface profiling is a destructive process, i.e., the samples cannot be used for any further experiments.
Sample crystallinity

Fig. S6: XRD (X-ray diffraction) scan.
A XRD scan is depicted in Fig. S6 . Our sample had diffraction peaks at 14.12º, 28.44º, 43.23º
representing the 110, 220, 330 planes of the orthorhombic crystal structure of the CH 3 NH 3 PbI 3 perovskite at room temperature. 31 The remaining peaks originate from the substrate. The fact that diffraction peaks are detected at all is consistent with a polycrystalline structure of the sample.
The crystallites also are apparent in SEM images. Temperature dependent changes of the crystal are reported in the literature. 32
Sample's chemical composition -EDX
Fig. S7: EDX (energy dispersive spectroscopy).
The chemical composition of one sample was determined with EDX ( Fig. S7) . Additionally, throughout the UHV experiments frequent Auger scans were collected, see below. According to EDX, C, Pb, I, N are present, as expected.
Tab. S2 summarizes the composition, as obtained from the EDX software package.
Qualitatively consistent with the AES data (see below), the samples have too much carbon being just stoichiometric. For example, the molar EDX C to I ratio amounts to 0.8, whereas the stoichiometry of CH 3 NH 3 PbI 3 would suggest a ratio of 1 to 3. In contrast, EDX detects a 1 to 2.3 ratio for Pb and I which is reasonable close to what it should be stoichiometrically (namely 1:3), similar to literature reports, see ref. 33 Thus, the samples are carbon contaminated due to ambient exposure. That cannot entirely be avoided and is typical for solution-based ambient pressure sample synthesis which is the most common synthesis procedure found in many publications. Result of an EDX experiment. ms% denotes atomic mass to molecular weight (in percent)
ratio. E.g. for carbon 12/molecular weight * 100.
Measured molar C to I ratio is C=46.84 to I=36.55 or 1 to 0.78. The penetration depth of the AES electrons is larger than the perovskite film thickness,
i.e., the signals also originates in part from the ITO substrate. Therefore, a Tin peak is detected in AES (at 420 eV, Fig. S8A ), however, no Si peak (would be at 90 eV) from the glass on which the ITO layer is deposited. Thus, it becomes evident that AES does sample the perovskite layer, ITO (indium doped tin oxide) coatings, adsorbates, and interstitial impurities. AES scans of the bare substrate (Fig. S8B) show an even larger Tin (Sn) peak which is suppressed for the samples due to screening effects by the perovskite film. (The indium as a dopant of ITO is below the detection limit of the AES system.)
Interestingly, the relative O-AES peak intensity (e.g. O-to-Sn ratio) of the substrate alone (Fig. S8B) is smaller than for the perovskite film (Fig. S8A) . Therefore, only part of the O-AES signal originates from the ITO substrate, but part of it must be from oxygen containing adsorbates rather than the ITO/glass layer. The most likely oxygen containing impurity is water adsorbed from the ambient, as we can see indeed more quantitatively in the TDS data (main draft).
Consistent with the EDX data, the carbon AES peak (Fig. S8A) is too large for originating only from the perovskite, indicative of impurity take-up during the ambient pressure synthesis.
The dashed line in Fig. S8A shows an AES scan after UHV flashing the sample to 380 K.
The C AES intensity decreases and the Pb peak increases. Thus, the UHV flash to 380 K initially cleaned the sample. Carbon containing impurities partially desorbed and/or diffused deeper into the bulk of the sample.
After the AES characterization of a typical "pristine" sample, the sample temperature was once ramped up to 720 K and then to 850 K in UHV. Again an AES scan was collected, see Fig.   S8C . The graph in Fig. S8C compares scans taken before (solid line same as in Fig. S8A ) and after (dashed line) the 850 K ramp. The Sn peak is not changing, i.e., the substrate is not directly affected, as expected. The Pb peak intensity distinctly decreased, the I AES signal is not detectable, consistent with the desorption of the perovskite film. Note the double peak at 500 eV from oxygen and iodine for an intact perovskite sample which converts into a single peak (oxygen) when the perovskite desorbs. When the perovskite decomposes (rather than desorbs),
proposedly to adsorbed PbI 2 , 14, 34 then an Iodine I-AES peak is present. That is the case for temperature ramps not exceeding 600 K.
Part of the adsorbed water desorbed since the O-peak intensity decreased after the high temperature ramp (Fig. S8C) . Unfortunately, the carbon peak now dominates the AES scan.
Thus, further flashing does not clean the sample further, but rather decomposes it. The C AES peak increases since the perovskite film mostly desorbs, exposing now the ITO and glass substrates which are carbon contaminated. The C signal was originally smaller due to screening 
Determination of the experimental kinetics parameters
Experimental binding energies, E d , were determined from the TDS peak positions, T max , (with uncertainty of ±0.5 kJ/mol) using the Redhead 37 equation. 23 , respectively. The box represents the simulation cell. a A vacuum spacing layer of 15 Å normal to the (001) surface is included for structures B) and C). The brown, pink, light blue, grey, purple, and red spheres denote C, H, N, Pb, I, and O, respectively. The green background in panels B) and C) indicates the bottom PbI 2 atom layer that is kept fixed during geometry optimization. The entire process may be considered as a subsurface-surface reaction which is quite unusual and new for CO 2 chemistry. Note, however, that the active site for bicarbonate formation is just 4.5 Å below the outer surface layer formed by the iodine atoms, see Fig. S13 . Indeed, we describe a subsurface reaction and not a bulk or solid state type process.
